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Magnetic nanocomposites present several interesting uses. They are very useful in envi-
ronmental recovery, drug delivery and sensor applications. However, sophisticated mag-
netic measurements are very complex and present high costs, which may sometimes
prevent research on these materials. Therefore, this paper presents a magnetic force test,
which can be performed at relatively low cost and produces interesting results, which are
very useful to support the development of these magnetic materials. Speciﬁcally, polylactic
acid (PLA)/maghemite nanocomposites were prepared and characterized using Fourier
transform infrared (FTIR) spectroscopy, wide-angle X-ray scattering (WAXS), small-angle
X-ray scattering (SAXS) and size-exclusion chromatography (SEC). Our results demon-
strate that nanocomposites, were obtained, which were also subjected to the magnetic
force and magnetic susceptibility tests. The results of these latter tests were found to be
linearly related, which proves the utility of the magnetic force test as a practical charac-
terization technique.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The preparation of magnetic materials that combine the
unique properties of polymers and inorganic particles is a
subject that has been intensely researched in the past few
years [1–7]. In this context, our group developed several
magnetic materials that are useful in different applications,
e.g., as ﬂocculation agents [8]; sensors [3]; drug delivery
[9,10]; environmental recovery [11–15]; intravascular
embolization procedures; or even in hyperthermiaes@ima.ufrj.br (F.G.
. All rights reserved.
18treatment [16]. In each one of these applications, the
presence of iron oxide nanoparticles produces unique
magnetic properties, which allows the different uses of
these materials.
Despite being obvious, the use of magnetic devices in
the study of magnetic materials is a crucial and key aspect
of this line of research. Magnetic measurements on com-
posites are performed using several techniques and de-
vices, such as magnetometers [17], magnetic susceptibility
balances [18,19] and even highly sensitive superconductive
magnetometers (HTS-SQUID) [20,21]. However, these de-
vices are expensive and, in many cases, their acquisition is
restricted to only the best-funded research groups. Thus,
this paper presents a magnetic force test that can be
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results, which are very useful to support the development
of magnetic materials. The magnetic force test is performed
using a homemade electromagnet and an analytical scale.
The accuracy of the device is improved with the use of an
ammeter and a Gaussmeter, which allows the direct con-
version of the electrical current applied to the electro-
magnet to the produced magnetic ﬁeld.
Due to the ease of production, the tested materials were
prepared by in situ polymerization of lactic acid in the
presence of different amounts of maghemite. The obtained
materials were characterized by Fourier transform infrared
(FTIR) spectroscopy, wide-angle X-ray scattering (WAXS)
and small-angle X-ray scattering (SAXS). In addition, they
were also tested using a Johnson-Matthey Mark I magnetic
susceptibility balance. The comparison between magnetic
force and magnetic susceptibility tests presented a linear
dependence, which proves the utility of the magnetic force
test as a practical characterization technique.
2. Experimental
2.1. Materials
Ferric chloride (FeCl3), anhydrous sodium sulﬁte
(Na2SO3), ammonium hydroxide (NH4OH), hydrochloric
acid (HCl), sulphuric acid (H2SO4), lactic acid (racemic
mixture) and cobalt (II) chloride hexahydride were pur-
chased from Vetec/Brazil as analytical grades. These re-
agents were used for syntheses and tests as received,
without further puriﬁcation.
2.2. Synthesis of maghemite particles
The maghemite particle synthesis was performed as
described by our group elsewhere [3,9,10,13,22]. In a typical
experiment, aqueous solutions of hydrochloric acid (2 M),
ferric chloride (2M) and sodium sulﬁte (1M)were prepared.
Under continuous agitation, 30 mL of the ferric chloride
solution and 30 mL of deionized water were added to a
beaker. Then, 20 mL of the sodium sulﬁte solution was
added, still under continuous agitation. The reaction prod-
uctwas precipitated byslowlyadding51mLof concentrated
ammonium hydroxide into the beaker under continuous
agitation. The product was ﬁltered from the reaction me-
dium after 30 min. The obtained particles were washed
several times with water and ﬁnally dried at 60 C in an
oven. The phase transition from magnetite to maghemite
occurred with annealing treatment at 250 C for 1 h.
2.3. Polymerization and preparation of the composites
Polylactic acid (PLA) was prepared through acid catal-
ysis. Lactic acid (100 phr) and H2SO4 (5 phr) were poured
into a three-necked ﬂask under continuous stirring. The
reaction media was kept at 120 C and stirred for 10 h.
Composites were prepared following a procedure similar to
the one described for the polymer preparation. In these
cases, magnetic nanoparticles were inserted soon after
acidiﬁcation in three different amounts equal to 6.6, 10.9,
and 16.4 wt% of maghemite.2.4. Characterization
Size-exclusion chromatography (SEC) was used to
determine the average molar mass of the samples. Exper-
iments were performed with a Waters pump model 515
HPLC equipped with an inline degasser, pump, autosam-
pler, four linear separation columns (with gel porosity
ranging from 103 to 106 A) and refractometer detector
(Waters model 2414). The calibration curve was built
using standard polystyrene samples with average molecu-
lar weights in the range of 3  103 to 1.85  106 g/mol and
molecular-weight dispersity less than 1.05. The analyses
were performed using THF as the mobile phase at a ﬂow
rate of 1 mL/min and at 40 C, with an injection loop of
200 mL.
Fourier Transform Infrared-attenuated total reﬂectance
(FTIR-ATR) analyses were performed in a Nicolet iN10
Spectrometer, using a MCT-B detector with a resolution
equal to 4 cm1, and accumulation over 160 scans.
WAXS/SAXS measurements were performed with the
beam line of the Brazilian Synchrotron Light Laboratory
(LNLS, Brazil D11A – SAXS1-9077). This beam line is
equipped with an asymmetrically cut and bent silicon
(111) monochromator (l ¼ 1.8233 A), which yields a hor-
izontally focused X-ray beam. A linear position-sensitive
X-ray detector (PSD) and a multichannel analyzer were
used to determine the SAXS intensity I(q) as a function of
the modulus of the scattering vector q ¼ (4p/l) sinq, with
2q as the scattering angle. All SAXS spectra were corrected
for the parasitic scattering intensity produced by the
collimating slits, for the non-constant sensitivity of the
PSD, for the time varying intensity of the direct synchro-
tron beam and for differences in sample thickness. Thus,
the SAXS intensity was determined for all samples in the
same arbitrary units so that they can be directly compared
to each other. Since the incident beam cross-section at the
detection plane is small, no mathematical deconvolution
of the experimental SAXS function was necessary
[9,23,24].
Magnetic force tests were performed according to the
analytical procedure developed in our laboratory. In spite of
some changes, which are related to the use of new equip-
ment, such as the digital voltage source and the use of a
more sensitive Gaussmeter, this procedure has been used in
several works of the group [3,9–16,22,25,26]. However, it
has not previously been fully presented or shown in its ﬁnal
version. The experimental setup used in the experiments is
sketched in Fig. 1. This setup comprises an analytical bal-
ance (Shimadzu AY-220), a voltage source (ICEL PS-4100), a
digital multimeter ICEL MD-6450, a Gaussmeter GlobalMag
TLMP-Hall-02, a homemade sample holder and a home-
made electromagnet. The electromagnet was made with a
solid 12-cm long iron core with a 1.6 cm diameter circular
section, and 4200 turns of 18AWG copper wire. Due to the
solid core and heating limitations, the electromagnet can
operate with a DC current up to 2 A. Magnetic force tests
were performed with the following steps:
(i) The ﬁrst step consists of obtaining the magnetic ﬁeld
(G) versus applied electric current (A) curves between
0.00–0.90 A, with increasing steps equal to 0.05 A.
Fig. 1. Experimental setup used in magnetic force versus magnetic ﬁeld tests
(a) and details of the used sample-holder (b).
Fig. 2. FTIR-ATR of PLA (a), composite with 6.6 wt% of maghemite (b), and
pure maghemite (c).
Fig. 3. WAXS of PLA (a), composites containing 6.6 wt% (b), 10.9 wt% (c), and
16.4 wt% (d) of maghemite and pure maghemite (e).
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system, the analytical scale is closed, and the electric
current (A) versus mass (g) curves are obtained be-
tween 0.00–0.90 A, using increasing steps equal to
0.05 A.
(iii) In the next step, a known mass of the sample is loaded
in the sample-holder, which is able to contain
0.19  0.01 cm3 of the tested material inside a cylin-
drical oriﬁce.
(iv) Then, the analytical scale is tared, and samples are
submitted to the same magnetic ﬁeld conditions ob-
tained through step (i). The observed weight variation
is recorded for each electric current value used.
(v) The modulus of the magnetic force (opposite to grav-
itational one) is calculated according to Equation (1).
jFmj ¼ Dm  g (1)
where Fm is the magnetic force, Dm is the apparent varia-
tion in mass in the presence of the magnetic ﬁeld, and g is
the acceleration of gravity, equal to 9.806 m/s2.
(vi) Finally, the electric current values are replaced by the
magnetic ﬁeld ones, andmagnetic force is presented as
a function of the magnetic ﬁeld.
Samples were also tested using a Johnson-Matthey
Mark I magnetic susceptibility balance. The glass tube of
the balance was ﬁlled with 0.1001  0.0391 g. Tests were
performed at 23  2 C.
3. Results and discussion
As discussed before, one of the major problems faced by
researchers dealing with magnetic nanocomposites isrelated to the ability to produce reliable magnetic results
quickly. However, before the formal discussion about the
magnetic test methodology, some characterization tech-
niques were used, which proved that the materials/nano-
composites were correctly formed.
PLA polymer was studied by SEC. The obtained material
presented an average molar mass (Mn) equal to 3.900 g/
mol and a weight-average molar mass (Mw) equal to
10.400 g/mol. Despite being of relatively small Mn, the
obtained PLA presents a Mw comparable with direct
polyesteriﬁcation [27], being suitable for drug release ap-
plications [28].
The materials and composites were also characterized
using FTIR-ATR. Spectra of pure PLA, maghemite and
composite containing 6.6 wt% of maghemite are shown in
Fig. 2. Other composites presented FTIR spectra similar to
the one presented in Fig. 2.
The main FTIR peaks of pure maghemite, located at
3390 cm1 and at 686 cm1, are related to the stretching
vibration of the OH bond of FeOH and with the stretching
vibration of FeO bond of the g-Fe2O3 phase [9], respectively.
Fig. 4. SAXS of PLA (a), composites containing 6.6 wt% (b), 10.9 wt% (c), and
16.4 wt% (d) of maghemite and pure maghemite (e).
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in complete agreement with literature [9,29]. PLA and
composites presented the absorption peak of C¼O
stretching vibration found at 1743 cm1, -CH- deformation
vibration was observed at 1450 cm1 and 1373 cm1, and
-C-O- stretching vibration was found at 1188 cm1.
WAXS patterns of materials are shown in Fig. 3. PLA
presented several crystalline peaks, centered at 2q equal to
15.1, 17.0, 19.3, 22.6, 24.2, 29.3, and 31.5. The ﬁrst four
values are associated with PLA homopolymer crystals
[30,31] of an orthorhombic structure [32]. In turn,
maghemite presented diffraction peaks with values of 2q
equal to 30.7, 36.1, 43.6, 54.2, 57.7, and 63.2, which
correspond to crystal planes (220), (311), (400), (422),
(511), and (440) in the spinel structure of an orthorhombic
cell, respectively [8].Table 1
Applied electrical current, produced magnetic ﬁeld, and apparent mass variation
I (A) Magnetic ﬁeld (G) Apparent mass variation of the PLA/maghemite
0% 6.6% 1
(I) (ii) (I) (ii) (I
0.00 0  0 0.0000 0.0000 0.0000 0.0000
0.05 53  4 0.0000 0.0000 0.0083 0.0116 
0.10 109  4 0.0000 0.0000 0.0304 0.0329 
0.15 172  6 0.0000 0.0000 0.0589 0.0624 
0.20 229  6 0.0000 0.0000 0.0885 0.0929 
0.25 284  4 0.0000 0.0000 0.1197 0.1262 
0.30 336  5 0.0000 0.0000 0.1510 0.1579 
0.35 387  4 0.0000 0.0000 0.1825 0.1942 
0.40 440  7 0.0000 0.0000 0.2192 0.2246 
0.45 487  4 0.0000 0.0000 0.2493 0.2547 
0.50 533  6 0.0000 0.0000 0.2812 0.2875 
0.55 576  6 0.0000 0.0000 0.3097 0.3189 
0.60 616  5 0.0000 0.0000 0.3393 0.3445 
0.65 651  4 0.0000 0.0000 0.3621 0.3677 
0.70 682  5 0.0000 0.0000 0.3841 0.3882 
0.75 710  4 0.0000 0.0000 0.4063 0.4078 
0.80 738  4 0.0000 0.0000 0.4245 0.4251 
0.85 764  4 0.0000 0.0000 0.4416 0.4428 
0.90 788  4 0.0000 0.0000 0.4606 0.4591 Moreover, these nanoparticles have a crystallite size (Lc)
equal to 16  2 nm, determined by the Scherrer equation
[33] using the peak corresponding to the (311) crystal plane
[8,22]. Pure materials presented higher crystallinity. On the
other hand, the composites showed amorphous halos,
which indicate that the insertion of the nanoparticles into
the polymer produces the destruction of crystals due to the
good dispersion of the maghemite nanoparticles inside the
PLA. WAXS patterns of composites also presented the main
peaks of PLA and maghemite, which allowed the calcula-
tion of their crystallite sizes. Samples containing 6.6 wt%,
10.9 wt%, and 16.4 wt% of maghemite presented Lcs equal
to 14  1 nm, 13  1 nm and 13  1 nm, respectively. These
values are statistically equal to that of pure maghemite,
indicating that the crystalline structure of the ﬁller inside
the composites remained essentially the same and that the
maghemite properties are probably preserved in the hy-
brids [22].
SAXS patterns of materials are shown in Fig. 4. PLA
presented two main peaks, centered at 0.36 nm1 and
0.77 nm1. The ﬁrst peak is attributed to the lamellar
structure of the PLA spherulites [34]. The second scattering
center is related to the secondary crystals formed during
cooling [35]. As discussed in the WAXS case, composites do
not present the two peaks observed in PLA scattering, thus
corroborating the hypothesis of the good dispersion of the
maghemite nanoparticles inside the PLA.
Prepared samples were also submitted to magnetic
force tests. As described earlier, the ﬁrst step was to pro-
duce an analytical curve of the magnetic ﬁeld (G) as an
electrical current (A) function. Table 1 shows the applied
electrical current and the average magnetic ﬁeld. As one
can see, the increase of the electrical current produces an
increase in the magnetic ﬁeld applied to the samples.
The modulus of the magnetic force was calculated ac-
cording to Equation (1), and the average results are shown
in Table 2.of the samples.
composites (g)
0.9% 16.4% 100%
) (ii) (I) (ii) (I) (ii)
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0104 0.0169 0.0164 0.0305 0.1580 0.2356
0.0390 0.0456 0.0619 0.0809 0.6144 0.7511
0.0754 0.0922 0.1261 0.1534 1.2125 1.4096
0.1166 0.1367 0.2058 0.2313 1.9339 2.1219
0.1676 0.1824 0.2849 0.3063 2.6391 2.8725
0.2100 0.2348 0.3612 0.3934 3.4718 3.6432
0.2476 0.2818 0.4415 0.4761 4.1339 4.3875
0.3026 0.3270 0.5226 0.5539 4.8969 5.1395
0.3432 0.3762 0.5971 0.6289 5.6286 5.8874
0.3920 0.4225 0.6727 0.7088 6.3419 6.6016
0.4315 0.4676 0.7446 0.7730 7.0421 7.2702
0.4709 0.5020 0.8091 0.8413 7.6609 7.8670
0.5212 0.5403 0.8720 0.8887 8.2368 8.4020
0.5489 0.5716 0.9247 0.9381 8.7376 8.8886
0.5821 0.5961 0.9740 0.9493 9.2247 9.3177
0.6085 0.6241 1.0229 0.9938 9.6565 9.7495
0.6382 0.6476 1.0651 1.0342 10.1105 10.1327
0.6668 0.6715 1.1085 1.1134 10.5111 10.5056
Table 2
Magnetic force of the samples as a magnetic ﬁeld function.
Magnetic ﬁeld (G) Average magnetic force of the PLA/maghemite composites (mN)
0% 6.6% 10.9% 16.4% 100%
0  0 0.0000  0.0000 0.0000  0.0000 0.0000  0.0000 0.0000  0.0000 0.0000  0.0000
53  4 0.0000  0.0000 0.0976  0.0229 0.1339  0.0451 0.2300  0.0978 1.9298  0.5381
109  4 0.0000  0.0000 0.3104  0.0173 0.4148  0.0458 0.7001  0.1317 6.6950  0.9479
172  6 0.0000  0.0000 0.5947  0.0243 0.8217  0.1165 1.3704  0.1893 12.8562  .3667
229  6 0.0000  0.0000 0.8894  0.0305 1.2419  0.1394 2.1431  0.1768 19.8856  1.3036
284  4 0.0000  0.0000 1.2056  0.0451 1.7160  0.1026 2.8987  0.1484 27.0234  1.6184
336  5 0.0000  0.0000 1.5145  0.0478 2.1809  0.1720 3.6998  0.2233 34.8848  1.1885
387  4 0.0000  0.0000 1.8470  0.0811 2.5956  0.2371 4.4990  0.2399 41.7804  1.7584
440  7 0.0000  0.0000 2.1760  0.0374 3.0869  0.1692 5.2781  0.2170 49.2085  1.6822
487  4 0.0000  0.0000 2.4711  0.0374 3.5272  0.2288 6.0111  0.2205 56.4629  1.7945
533  6 0.0000  0.0000 2.7883  0.0437 3.9935  0.2115 6.7735  0.2503 63.4620  1.8007
576  6 0.0000  0.0000 3.0820  0.0638 4.4083  0.2503 7.4408  0.1969 70.1732  1.5816
616  5 0.0000  0.0000 3.3527  0.0361 4.7701  0.2156 8.0919  0.2233 76.1333  1.4291
651  4 0.0000  0.0000 3.5782  0.0388 5.2045  0.1324 8.6327  0.1158 81.5800  1.1455
682  5 0.0000  0.0000 3.7866  0.0284 5.4938  0.1574 9.1333  0.0929 86.4213  1.0470
710  4 0.0000  0.0000 3.9915  0.0104 5.7767  0.0971 9.4299  0.1713 90.9134  0.6449
738  4 0.0000  0.0000 4.1656  0.0042 6.0434  0.1082 9.8879  0.2018 95.1476  0.6449
764  4 0.0000  0.0000 4.3362  0.0083 6.3043  0.0652 10.2929  0.2143 99.2524  0.1539
788  4 0.0000  0.0000 4.5093  0.0104 6.5617  0.0326 10.8940  0.0340 103.0449  0.0381
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the applied magnetic ﬁeld produces an increase in the
magnetic force of the samples. In addition, the magnetic
force of the samples, as expected, also increases with an
increase of the amount of maghemite used in the formu-
lation. However, to make this method really useful to re-
searchers, we also tested a chemical substance easily found
in any chemical laboratory, which could be considered a
magnetic reference. Therefore, the magnetic force of the
cobalt (II) chloride hexahydride sample (0.3648 g) was
calculated according to this method and the result was
equal to 0.1674  0.0054 mN at 788  4 Gauss.
Samples were also tested using a magnetic susceptibil-
ity balance. Among the tested materials, PLA presented
magnetic susceptibility (c) equal to
(2.2127  0.1250)  105. The negative value indicates
that PLA is a diamagnetic material [36]. On the other hand,
samples containing 6.6 wt%, 10.9 wt% and 16.4 wt% of
maghemite presented c equal to (9.1215  0.1405)  105,
(1.4772  0.0118)  104, and (2.5348  0.0108)  104,Fig. 5. Magnetic force as a magnetic susceptibility function.respectively. Observed cpositive values originate in
paramagnetic materials [37]. In addition, these values are
positive and linearly related to the amount of maghemite
used, presenting a R2 value equal to 0.9894. Therefore, the
increase of the amount of maghemite produces an increase
in magnetic susceptibility.
Fig. 5 shows the magnetic force as a magnetic suscep-
tibility function.
As can be seen, the increase in the magnetic suscepti-
bility, due to the increase in the amount of maghemite in
composites, produces an increase in magnetic force. There
is also a positive and linear correlation between magnetic
force and magnetic susceptibility, presenting a R2 value
equal to 0.9997. Therefore, these results prove that mag-
netic force is directly related to a conventional magnetic
property, and can be used as a fast and reliable magnetic
measurement test.
4. Conclusions
This paper reported one of the major problems faced by
researchers dealing with magnetic nanocomposites, which
is the quick and easy acquisition of reliable magnetic re-
sults. Magnetic force results presented a positive and high
correlation with magnetic susceptibility, which proves that
reliable magnetic results can be obtained using a relatively
simple experimental setup. Therefore, we hope that the
presented method will be useful to other research groups.Acknowledgments
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